Female C57BL6 mice were exposed to 0 or 800 ppm carbon disulfide (CS 2 ), 6 h/d, 5 d/wk for 20 weeks. The neurologic function of all mice was assessed once at the end of exposures using a functional observational battery. General health effects included a decrease in body weight gain, piloerection, hunched body posture, and ptosis. Treatment-related effects included altered gait (uncoordinated placement of hind limbs and ataxia) and impaired function on an inverted screen test. In addition, rearing and locomotor movement were decreased in treated mice. Focal to multifocal axonal swelling was seen predominantly in the muscular branch of the posterior tibial nerve, and occasionally giant axonal swelling was detected in the lumbar segment of the spinal cord. Electron microscopic examination revealed swollen axons with massive accumulation of neurofilament proteins within the axoplasm. Covalent crosslinking of erythrocyte spectrin (surrogate protein to neurofilament protein) was demonstrated in mice exposed to CS 2 but not in mice receiving filtered air. These data provide supportive evidence that covalent cross-linking of neurofilament proteins is a significant feature of the axonal swellings in mice produced by inhalation exposure to CS 2 .
INTRODUCTION
Presently in the United States, carbon disulfide (CS2) is an irreplaceable reactant used mainly in the rayon fiber textile industry and in the manufacture of cellophane and cellulose sponges in the packing industry (1, 4) . The US Department of Health and Human Services estimates total atmospheric discharges of CS, to be approximately 34.5 million kg/yr. In addition to industrial exposure, people who apply pesticides or harvest produce sprayed with pesticides may be exposed to CS~. Dithiocarbamates and their disulfides, chemicals widely used in pesticides, can liberate CS, upon decomposition within the body (12, 13) .
There has been limited assessment of the neurotoxicity of CS2 following inhalation exposure in the mouse model. The intent of this study was (a) to examine behavior by a functional observational battery (FOB), (b) to examine morphology of the peripheral and central nervous system by light and electron microscopy, and (c) to evaluate CS2mediated protein cross-linking, following inhalation of CS2 at an exposure concentration of 800 ppm for 20 weeks.
MATERIALS AND METHODS
Exposures. Nine to 10-week-old female C57BL6 mice (Harlan, Indianapolis, IN), weighing 20.7 ± 14 g were acclimated for 10-14 days after arrival. During acclimation, mice were individually identified by subcutane-ous implantation of transponder chips then weighed and randomly assigned by weight to treatment groups. Mice were placed in the exposure chambers without food for 6 h/d for 3 days prior to chemical exposure for acclimation to the exposure conditions. Individual body weights were recorded for all animals during the chamber acclimation and weekly thereafter. Mice were observed 2 times daily (once in the early morning and once in the late afternoon, at least 6 hours apart) for signs of morbidity/mortality. Individual animal clinical observations were documented for all mice at the time of each weighing.
CS2 (Aldrich Chemical Co, Milwaukee, WI; purity >99%) was vaporized, mixed with conditioned air (HEPA filtered, charcoal scrubbed, temperature and humidity controlled), and delivered to the exposure chamber at a concentration of 800 ppm (21) . The concentration of CS2 in the Hazleton 1000 exposure chamber (Lab Products, Maywood, NJ) was monitored with a Fourier transform infrared spectrophotometer (KVB Analect, Irvine, CA) equipped with a 20-m gas cell. Exposure concentration readings were acquired every 1.5 minutes in the 800ppm chamber and once every 15 minutes in the control chamber, in the exposure room, and at the exhaust to the effluent scrubbers. Actual chamber concentration of CS2 was within 3% of the target concentration during the study. The concentration chosen for this study was based on data from a recent rat study (21) . Mice were exposed to either 0 (n = 11) or 800 (n = 12) ppm CS2 by inhalation for 6 h/d, 5 d/wk, for 20 weeks and fed standard NIH-07 diet. Control mice were exposed to filtered, conditioned air according to the same schedule as CS,-exposed mice. Mice were individually housed in Hazleton 1000 inhalation chambers for the duration of the study. Water and food (NIH-07) were provided ad libitum; however, food was removed during the 6-hour exposures and for 6 h/d on nonexposure days.
Following the last exposure, the animals were removed from the exposure facility and examined using the FOB. Next, mice were deeply anesthetized and cardiac perfused with 4% glutaraldehyde for morphologic evaluations.
A separate subset of mice were evaluated for crosslinking of erythrocyte spectrin protein at an interim sacrifice at 8 weeks.
Behavioral Testing. The FOB consists of home-cage, handling, open-field, and manipulative behavioral evaluations (17, 18) . The FOB protocol used in this study was based on the procedural details and scoring criteria presented by McDaniel and Moser (16) and modified for use with mice (24) . The FOB was conducted on the morning following 20 weeks of exposures. Following brief observation of the mouse in the cage, the mouse was removed and evaluated then placed on the top of a laboratory cart (open field) for 3 minutes of undisturbed observations of activity level (horizontal activity and rearing), arousal, posture, gait, and occurrence of involuntary motor movements (eg, tremors, convulsions). Next, the mouse underwent tests of reactivity to specific stimuli. The mouse was then placed on a wire-mesh screen, which was quickly inverted. The time required for the mouse to climb to the top was recorded, as was the number of mice that hung on the screen or dropped off. A 60-second cutoff was imposed. The inverted screen test is a functional test requiring coordination and strength. Often, mice need to be &dquo;trained&dquo; to climb over the edge of the screen. The mice used here were not trained or pretested, which explains why many of the control mice did not climb over. They did have the muscular ability to hang on for 60 seconds. The resulting data were either continuous (providing objective data on an interval scale), scalar (data ranked based on a defined scale), or descriptive. Autonomic function was assessed by counting the number of fecal boluses and urine pools observed in the open field and by observing excessive lacrimation and/or salivation. The following were also assessed: (a) reactivity to tail pinch, using forceps (pain perception), (b) reactivity to the sound of a metal clicker (auditory), and (c) the forelimb placing response. General excitability was evaluated by scoring the mouse's alertness while in the open field and its reactivity when removed from the home cage and handled. Data were recorded on standardized sheets and entered into a computer for analysis.
The same trained observer was used for all behavioral studies. This individual was not involved in the daily care of mice. The treatment conditions were not revealed until the entire study had ended.
The FOB was administered in the morning in an isolated room with restricted access. The mice were removed from the exposure chambers, placed in solid cages with bedding, and brought to the test room. The mice were allowed approximately 1 hour to settle down before actual testing began. Following FOB testing, mice were prepared for cardiac perfusions. Morphology. In preparation for cardiac perfusions, mice were anesthetized with sodium pentobarbital containing heparin and perfused through the heart with 4% phosphate-buffered paraformaldehyde followed by 4% phosphate-buffered glutaraldehyde pH 7.4. Gross necropsy examinations were conducted following cardiac perfusion. The peripheral nervous system tissue samples were obtained from the sciatic nerve, tibial nerve, and muscular branch of the posterior tibial nerve. Central nervous system tissue samples were obtained from multiple levels of the spinal cord, including Cl and C2, and Ll 1 and L2, and were dissected for light microscopic and electron microscopic examination. Three coronal brain sections were sampled on the ventral surface just anterior to the optic chiasm (level I), at the caudal borders of the mamillary bodies (level II), and at the widest portions of the cerebellum just anterior to the transverse fibers of the pons (level III).
The sciatic nerve, tibial nerve, muscular branch of the posterior tibial nerve, and cervical and lumbar spinal cord segments were postfixed in 2% osmium tetroxide, dehydrated in graded alcohols and propylene oxide, and embedded in Epon resin. One-micrometer Epon-embedded cross sections were cut from hardened blocks of tissue, stained with 1 % toluidine blue, and examined by light microscopy. Thin sections of selected areas were stained with lead citrate and uranyl acetate and examined using a ZEISS 10-A electron microscope. Coronal brain sections were embedded in paraffin and sectioned at 5 u-m.
Sections were stained with hematoxylin and eosin.
Spectrin Cross-Linking. Spectrin was selected as a biomarker for plasma protein cross-linking because (a) spectrin dimer formation represents a process related at a molecular level to the pathogenic events occurring in the axon following subchronic exposure to CS2 in rats (26) and (b) it is present in significant amounts in the small amount of blood that can be obtained from mice. The time point tested for spectrin cross-linking was 8 weeks because previous studies in rats demonstrated that spectrin cross-linking had reached plateau levels by 4 weeks of inhalation exposure to the same concentrations of CS2 (26) , and adequate amounts of spectrin for definitive measurements were obtained from these samples.
Blood from all mice was pooled, and spectrin was purified from isolated erythrocytes as described previously (7) . The supernatant containing the spectrin was lypophilized and kept at -70°C until analysis by denaturing polyacrylamide gel electrophoresis.
Lyophilized spectrin samples were dissolved in 500 pull of water, and aliquots were diluted 1:1 with sample buffer (pH 6.8) containing 1 % sodium dodecyl sulfate, 2% dithiothreitol, 0.125 M Tris, and 20% glycerol. The covalent cross-linking of erythrocyte spectrin was evaluated using electrophoresis on 4% homogeneous polyacrylamide gels according to the method of Laemmli (14) . Silver staining was used to visualize the protein bands. Monomeric and dimeric spectrin levels were estimated using a BIO-RAD GS-700 imaging spectrophotometer and molecular analysis software, and the quantity of di-TABLE 1.-Summary of functional observational battery evaluation of CS2-exposed mice. mer was expressed as the percentage of monomer plus dimer.
RESULTS

Functional Effects
Mice exposed to 800 ppm CS2 had small but significant decreases in mean body weight (22.2 ± 0.8 g) relative to chamber controls (25.7 ± 1.1 g) following 20 weeks of exposure. The predominant effects of CS2 are listed in Table 1 . Treated mice exhibited changes in general health, including decreased body weight gain, piloerection, ptosis, and hunched posture. Neurologic effects consisted of altered gait (uncoordinated placement of the hind limbs and ataxia) ( Figure 1A ) and weakness. The aerial righting reaction was not imparied. All treated mice fell off the screen during the inverted screen test, suggesting that they did not have the necessary strength for the task (Figure 1C ).
Rearing and locomotor movement were decreased in treated mice ( Figure 1B ). Reactivity to being handled, however, was considerably increased, and level of alertness (arousal) was normal, indicating that the lowered activity was not merely due to stupor. Fine tremors were seen in a few treated mice (4/12), and lacrimation was observed in most mice (8/12). All treated mice showed piloerection, and approximately half of the mice showed ptosis and abnormal body posture.
Morphologic Effects
In the peripheral nervous system, the greatest effect on axonal caliber in CS2-exposed mice was in the muscular branch of the posterior tibial nerve. Individual fascicles from the muscular branch of the posterior tibial nerve (distal segments of the tibial nerve that innervate the flexor hallicus longus and tibialis posterior) showed axonal swelling in 100% (12/12) of the exposed mice (Figure  2A, B) . Within a nerve fascicle, approximately 1-10 swollen axons were seen in cross sections. Swollen axons were never seen in the sciatic or tibial nerves of exposed mice or in controls. The swellings were characteristic of previously reported CS, neuropathy in rats (8, 20) , with distention of the axonal diameter, rounding of the axonal contour in cross section, and thinning of the myelin sheath.
In the central nervous system, axonal swelling was seen in 42% (5/12) of the exposed mice and when present consisted of focal giant axonal swelling and degeneration within the ventral funiculus nerve tracts of lumbar spinal cord segments (Figure 2C, D) . Axonal swelling was not observed in cervical spinal cord segments or in the brain.
The ultrastructure of the enlarged axons was composed of accumulations of disarrayed 10-nm neurofilaments (Figure 2E , F), and in some cases the complex arrangement of neurofilament proteins displaced mitochondria and microtubules to the periphery of the axoplasm.
Molecular Effects
Cross-linking studies of erythrocyte spectrin demonstrated that mice exposed to CS2 had a significant increase in appearance of out and 13 heterodimers migrating at approximately 410 kDa (15) , as previously seen in rats exposed to CS2 by inhalation (26) . Densitometric scanning of the gels indicated that monomeric and dimeric spectrin species migrated 19-25 mm and 5-9 mm in animals exposed to 0 and 800 ppm CS2, respectively (Figure 3) . The detection of high-molecular-weight spectrin in exposed mice is consistent with covalent cross-linking of the spectrin protein.
DISCUSSION
The finding of cross-linked spectrin protein in C57BL6 mice exposed to CS2 suggests that a similar mechanism of cross-linking of neurofilament proteins may be involved in the development of axonal swelling. This hypothesis is based on previous in vivo inhalation CS2 studies in rats where cross-linking of spectrin protein paralleled the cross-linking of neurofilament proteins in rats in a time-and dose-dependent manner (26) . The investigators concluded that covalent cross-linking of neurofilament proteins contributed to the marked accumulation of neurofilaments in the swollen axon (26) . Recently, these findings were extended by specifically identifying CS2-mediated lysine-lysine thiourea cross-linking in spectrin of erythrocytes, and lysine-valine thiourea crosslinking in hemoglobin proteins following inhalation exposure to carbon disulfide (5, 6, 25) .
The neurofilament, which is considered a target for CS2 neurotoxicity, consists of a triplet of proteins of molecular weights of 68,000, 145,000, and 200,000 (26) . Neurofilament proteins are synthesized in the cell body and transported down the axon at a rate of approximately 1 FIGURE 1.-Neurobehavioral alterations in CS2-exposed mice. A) CS2 effect on gait score, a subjective ranking of the gait abnormalities, ranging from I (normal) to 5 (severely abnormal). B) Number of rearing behavior in the 3-minute observation period of the open field. C) Percentage of mice showing each outcome on the inverted screen test, within 60 seconds of inversion. -Effects of CS, exposure on the morphology of mouse nerves and spinal cord. One-micrometer epon-embedded sections, toluidine blue. A) Cross section of the muscular branch of the posterior tibial nerve from a mouse exposed to filtered air. X 132. B) Cross section of the muscular branch of the posterior tibial nerve from a mouse exposed to 800 ppm CS2 for 20 weeks. Note swollen axons (arrows) within nerve fascicles. X 132. C, D) Cross section of the lumbar spinal cord (L2) from mice exposed to 800 ppm CS2 for 20 weeks. Note the individual giant axonal swelling and degeneration (arrow). X 160. E) Ultrastructure of muscular branch of posterior tibial nerve from a mouse exposed to filtered air for 20 weeks. The neurofilaments have a lower density than in treated mice. X31,500. F) Ultrastructure of muscular branch of posterior tibial nerve from a mouse exposed to 800 ppm CS2 for 20 weeks. Note the complex and disorderly arrangement of the neurofilament proteins within the axoplasm. X31,500. nmvd (11) . Because of the stability of neurofilament proteins and the fact that the lifetime of the protein is proportional to axonal length, it is not surprising that the longest and largest axons in mice (eg, muscular branch of the posterior tibial nerve, lumbar spinal cord) are most vulnerable to CS2 toxicity (23) . The proposed hypothesis for the axonal swelling is that cross-linking of neurofilament proteins results in a growing aggregate that is eventually too large to pass through the narrow node of Ranvier, forming an impairment to axonal flow and a subsequent prenodal swelling. The greater degree of narrowing of the node of Ranvier in larger diameter axons further indicates why such axons may be more vulnerable to CS2 toxicity (2) .
The most striking functional effects of CS2 inhalation in mice were alterations in gait and inability to cling to FIGURE 3.-Densitometry of erythrocyte membrane proteins. Proteins obtained from air-exposed mice (A) and mice exposed to 800 ppm CS, (B) for 8 weeks were separated using denaturing polyacrylamide (4% homogeneous) gel electrophoresis and visualized by silver staining, and the resulting protein bands were analyzed by densitometry. Monomeric and dimeric spectrin species migrated 19-25 mm and 5-9 mm, respectively. There was a greater amount of dimeric spectrin present in the samples obtained from CS,-exposed mice. a wire screen. Moser et al demonstrated that changes in gait can be detected prior to development of axonal swelling in rats exposed to 800 ppm CS2 (18) . Similarly, Shell et al demonstrated gait alterations prior to the development of morphologic lesions in rats exposed to 2,5hexanedione (19) . An important advantage of including the FOB in toxicology studies is the ability to identify neurotoxic effects early in the study, thereby allowing for planning and incorporation of adequate neuropathology evaluations. CS2 belongs to a larger class of neurotoxic chemicals that target neurofilament proteins and ultimately result in axonal swelling (22) . In general, the neurotoxicity of CS2 is similar to that of 2,5-hexanedione (9); both chemicals target the distal axon. The ability of CS2 and 2,5 hexa-nedione to covalently cross-link proteins established a novel mechanism to account for the identical structural and functional changes in the axon. In contrast to these 2 chemicals, 3,4-dimethyl-2,5-hexanedione (3, and r3,¡3' -iminodipropionitrile (IDPN) target the proximal axon, resulting in neurofilamentous accumulations (3). Clark et al suggested that the accumulation of neurofilament proteins following IDPN exposure is due to a defect in slow axonal transport (3) . In contrast, the proximal location of neurofilamentous swellings produced by 3,4-DMHD has been attributed to the more rapid rate of pyrrole formation and protein cross-linking relative to hexanedione.
In conclusion, many of the morphologic effects (ie, swollen axons in the spinal cord and muscular branch of the posterior tibial nerve), functional effects (ie, gait abnormalities, weakness), and molecular effects (ie, crosslinking of neurofilament protein analogue) observed previously in rats (18, 20, 26) exhibiting CS2-related neurotoxicity were seen in mice. Compared with the rat, there was an absence of swollen axons in the fasiculus gracilis and lateral funiculus nerve tracts in mice. The CS, study in mice further underscores the usefulness of using a spectrum of biologic and mechanistic endpoints in neurotoxicology evaluations. Taken together, the morphologic and functional effects suggest the involvement of motor nerves in CS2 neurotoxicity. Furthermore, the use of a surrogate protein (spectrin), which reflects a biochemical event similar to that occurring in the axon, provided evidence that cross-linking of proteins occur in mice, as they do in rats (26) . In the rat, cross-linking of spectrin protein represents a biologic process that is related at a molecular level to the pathogenic events occurring in the axon (9, 10, 26) .
